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OPTICAL CHARACTERIZATION OF IV-VI MID-INFRARED VCSEL

F. Zhao, H. Wu, T. Zheng, P. J. McCann, A. Majumdar, Lalith Jayasinghe and Z. Shi
Schoo! of Electrical and computer Engineering
202 West Boyd, University of Oklahoma, Norman, OK 73019

ABSTRACT

PbSe/PbStSe multiple-quantum-well (MQW) structures and PbSrSe thin films were grown
on BaB (111) substrates by molecular beam epitaxy (MBE) and characterized by Fourier
transform infrared (FTIR) spectrometer. Strong photoluminescence without Fabry-Perot
interference fringes was observed even at room temperature from the MQW structures. The peak
energies for the MQW structures with different well widths shifted to high energy with
increasing temperature. The absorption edge of PbSrSe layer was determined by transmission
spectra. Meanwhile, we designed and fabricated A=4.1 um MQW vertical cavity surface emitting
laser (VCSEL). A power output of 40 mW was obtained at room temperature. The room
temperature threshold pump density is 200 kW/enr.

INTRODUCTION

Mid-infrared diode lasers are mainly used for trace-gas-sensing applications [1]. This is due
to the fact that the numerous absorption lines of many gaseous molecules, such as CO2, CHs,

N> O, HC], etc., are in the range of mid-infrared spectra. Performance requirements that are not
yet avatlable include continuous wave (cw) operation at thermoelectric cooler range (7' > 240 K),
spectral purity, and reasonable output powers (=1 mW) with good beam quality. Although
substantial advances have been made in the development of edge emitting mid-infrared diode
lasers, including IV-VI lead-salt [2], quantum cascade (QC) [3,4] and type -II quantum well
(QW) devices [5], there has little progress until recently in developing mid-IR vertical cavity
surface emitting laser (VCSEL). This is despite the attractive performances of VCSELs, such as
low-divergence circular beams, single mode operation, and the high possibility of two-
dimensional monolithic integration arrays.

It is well known that the presence of the Auger recombination in narrow gap semiconductors
is the major factor limiting high temperature operation of mid-infrared lasers. The major
advantage of lead salt materials is that the Auger coefficients are more than one or two orders of
magnitude lower than other mid-IR materials with a comparable bandgap [6,7], and it will not
prevent quantum structure of these materials from achieving room temperature laser operation
[6]. We proposed and demonstrated the first IV-V1 VCSEL on Bak (111) substrate [8]. Such
VCSELSs have obtained near-room-temperature pulsed operation 300mW output power [9,10]
and threshold density as low as 10.5 kW/cn® [11]. In this paper, we report optical
characterization of TV-VI PbSe/PbSrSe MQW structures and PbSrSe layer for VCSEL. The
optical properties of the VCSEL are also given.




EXPERIMENTAL DETAIL

The PbSe/PbSrSe MQW structures and PbSrSe thin films were grown on BaF, (111)
substrates by molecular-beam epitaxy (MBE) in an Intevac Modular Gen I system using
compound sources for PbSe and BaF,, and elemental sources for Sr and Se. The three MQW
structures grown are with well layer thickness of 10, 16, 20 nm and with barier layer thickness
of 30, 40, 37 nm, respectively. A Sr-to-PbSe flux ratio of 3% was used to grow the PbSrSe
barriers in PbSe/PbSrSe MQW structures. The Pby.,Sr,Se thin film was grown with Sr-to-PbSe
flux ratio from 3% up to 100%. Based on the results obtained from the samples mentioned
above, we designed and grew a VCSEL structure in this MBE system. The typical structure is
plotted in Fig. 1. The VCSEL structure mainly consists of a bottom mirror, a PbSe/PbSrSe MQW
active layer and a top mirror. The bottom and top mirrors were fabricated with 3-pair quarter-
wave stack of Py 97Sr0.038e (188 nmyBaF; (591 nm) and Ph, 75Sro 35Se (282 nm)/BaF (599 nm),
respectively. The active layer consists of a A/2-cavity of 9-period PbSe (20 nm)/Pty 9+ Sr0.03S€ (20
nm) multiple QW structure. Details of the growth techniques for PbSe/PbSrSe MQW VCSEL
have been published elsewhere [12]. Large difference of reflective indices between the
Pby.97Sr9.038¢e (n ~ 4.7) and BaF, (n=1.46) yields more than 99% high reflectivity with only a
three-pair stack for the bottom mirror. The higher strontium content of 35% is used to fabricate
the top mirror for the first time so that the absorption edge of Pbo.75Sro.358¢ is beyond 1.064 um
purnp source. The absorption edge was determined by the transmission measurement.

The samples were characterized by the photoluminescence (PL), transmission and reflection
measurements with the aid of the BRUKER IFS 66/S Fourier transform infrared (FTIR)
spectrometer. Without further processing, the samples were mounted on a copper holder within a
cryostat and illuminated with a 1.064 pm Nd:YAG laser (Tputse =50 ns, 10 Hz) at an incident
angle of 75° for PL and laser emission measurement. The standard synchronal output signal was
used as trigger source during measurement. The spot size focused on the sample surface was 4
mmx6 mm for PL measurement. The signals coming from the samples was collected by two
planar mirrors and two concave mirrors, passed through 2.47 pm long-pass filter to cut off the
signal of the pump beam and measured by the IFS 66/S spectrometer. A polarizer controlled the
pump intensity by changing the angle of the polarizer, and an LN;-cooled InSb detector witha 6
pm cutoff wavelength detected the emission radiation. The pump power density for the PL

measurement is kept about 200 kW/cn?. The temperature range of the measurements is 80-300
K
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Figure 1. VCSEL structure schematic.
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RESULTS AND DISCUSSION

Fig. 2 displays the temperature dependence of PL peak energies for the three MQW samples
with different well layer thicknesses. Also shown is the PL energy change for the PbSe thin film
grown on the (111) BaF, substrate. The PL peak energies increase monotonously with
temperature from 80 to 300 K and decrease with the increase of the well layer thicknesses at the
same temperature, which is attributed to recombination of quantum confined electron-hole pairs.
The temperature coefficient is 0.43, 0.42 and 0.43 meV/K for 10, 16 and 20 nm well width,
respectively. The peak energy change of bulk PbSe with temperature can be expressed
theoretically as [13,14],

E,, pose(meV) = 125 + (400 + 0.256T*)"2 o

Where Eg, pys. is bandgap energy, and T is temperature. As shown in Fig, 2, the theoretical value
(shown as solid square in Fig. 2) is good agreement with the experiment data (0.498 meV/K). To
optimize the VCSEL performance at a certain temperature, one needs to align the gain peak to
the cavity resonance. The results above-mentioned are favorable to design and fabricate high
performance VCSEL.

The measured PL spectra at 160 K and room temperature from the three MQW structures
with different well layer thickness are shown in Fig. 3 (a) and (b), respectively. The spectra were
collected with a resolution of 8 cmi’' (1 meV) and a coaddition of 128 times. To be able to
compare the PL intensities of single QW between the three samples, we divided the measured PL
intensities by the corresponding QW period number in the sample. As the well layer thickness
decreases, the peak energies shift towards higher energies (blueshift). At low temperature, the
full width at half maximum (FWHM) decreases from 8.2 to 7.2 meV as the well layer thickness
is decreased from 20 to 10 nm. However, such change of FWHM is not observed at room
temperature spectra. The PL intensity is increased with decreasing well layer thicknesses and up
to maximum for 10 nm well width.

e 1
P O Well width=10 nm 342600
320 r A16nm E
r ©20nm 3
< 300 mTheory for buk Pbse 42400 §
g 2805 * PbSe film 3 [
= L 42200 §
& 260f I g
g L 42000 §
m o 240F 3 3.
220F 31800
200 : | gl | 1 1 E

100 150 200 250 300

Temperature (K)
Figure 2. The PL peak energies as a function of temperature. The well width is 10 nm

(diamond), 16 nm (triangle) and 20 nm (circle), respectively. The solid square and star show the
calculation values from equation (1) and measured values from bulk PbSe, respectively.
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Figure 3. PL spectra for different well widths at (a) 160 K and (b) room temperature.

In comparison, the PL spectrum for PbSe thin film with thickness of 2 pm is also shown in
Fig. 3 (b). The broad FWHM can be clearly observed. Note that the spectrum for bulk PbSe
around 2400 cm! is distorted due to the absorption by atmospheric CO: in the open emission
part. No interference fringes were observed for these QW samples. Normally, due to the Jarge
difference of refractive indices between the IV-VI QW layer (n ~ 4.7) and the BaF; substrate
(n=1.46), photoluminescence (PL) signals were often merged with the interference fringes of the
layer [15], which makes it very difficulty to determine the net gain peak. With the aid of short
pulse Nd-YAG laser at 1.06 ym being used as a pump source, the net gain peak is successfully
confirmed. The strong PL signals obtained clearly showed amplified spontaneous emission
(ASE) that significantly suppressed the interference fringes. The ASE at room temperature
suggests that the Auger recombination does not limit IV-VT lasers operating above room
temperature.

Increasing Sr content during Pbi.«SrSe growth results in the increase of the band gap. The
band gap can be obtained from the measured transmission spectra for various Sr content, shown
in Fig. 4. For different pump lasers, the suitable Sr content during growth of top mirror needs

M, SrS¢ film

Band gap (eV)
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Figure 4. Band gap dependence of Sr composition.
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Figure 5. Room temperature reflection spectra for top mirror and bottom mirror, respectively.

to be considered so that it is transparent to pump laser. For example, if the 2.1 pm (band gap ~
0.59 eV) pump laser is used as a pump source, more than 10% Sr content (Sr-to-PbSr flux ratio)
for top mirror is required. For 1.064 pm (band gap ~ 1.165 eV) Nd:YAG pump laser, the Sr
content in the top mirror has to be beyond 30% so as to be with high pump efficiency.

Based on the results above -mentioned, we designed and fabricated a VCSEL device. Fig. 5
shows the reflection spectra of the top mirror and bottom mirror for the VCSEL at room
temperature. The 35% Sr content was chosen to grow the top mirror so that the top mirror is
basically transparent to the 1.064 pump source, as shown in Fig. 6. However, the high Sr content
results in inferior top mirror, and low reflectivity of 92%. The 9 period PbSe/Pty 97Sr0.035¢ (20
nm/20 nm) is used as active layer. The resonance peak measured at room temperature from the
reflectance of the VCSEL is well matched with the MQW gain peak of the active layer, as
indicated in Fig. 6. As a result, a room temperature laser emission for the PbSe/Pby 97810.035¢
VCSEL is obtained for the first time. Fig. 7 shows light-light emission curves measured at
temperatures from 290 to 310 K. As shown in Fig, 7, above-room-temperature laser emissions
were clearly observed. The maximum output power of 40 mW was obtained at room
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Figure 6. Room temperature reflection spectrum for the VCSEL shown in Fig. 1.
Also shown is the gain peak on the bottom from PL measurement.
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temperature. The room temperature threshold pump intensity is 200 kW/cm®. The detailed results
about the VCSEL will be published elsewhere [16].
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Figure 7. Peak VCSEL output power vs peak pump intensity at five temperatures,
fora 1.5 mm x 1.5 mm pump spot.

SUMMARY

The photoluminescence of PbSe/PbSrSe MQW structures grown on (111) BaF; substrates by
MBE was measured with the IFS 66/S FTIR spectrometer. A short pulse Nd:YAG laser with the
wavelength of 1.064 um was used as pump source. The strong ASE suppressed the Fabry-Perot
interference fringes so that the net gain peak was easily obtained. Through the absorption edge
measurements of PbSrSe thin films determined from the transmission spectra, a high Sr content
of 35% was chosen to grow the top mirror for the VCSEL fabrication. The gain peak of the
VCSEL designed and fabricated was well matched with the resonance cavity mode at room
temperature. As a result, we have realized the room temperature laser emission of the IV-VI
PbSe/PbSrSe MQW VCSEL for the first time. The maximum peak power output is 40 mW,
which does ot show saturation. The room temperature threshold pump intensity is 200 kW/ent,
The improvements in the crystal quality of the top mirror are required. A cw laser emission will
be predicted as some suitable post-processes are applied for the VCSEL fabrication.
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